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Abstract

Background: High levels of catecholamines are cardiotoxic and associated with stress-induced
cardiomyopathies. Septic patients are routinely exposed to endogenously released and
exogenously administered catecholamines, which may alter cardiac function and perfusion
causing ischemia. Early during human septic shock, left ventricular ejection fraction (LVEF)
decreases but normalizes in survivors over 7-10 days. Employing a septic shock model that
reproduces these human septic cardiac findings, we investigated the effects of catecholamines
on microcirculatory perfusion and cardiac function.

Methods: Purpose-bred beagles received intrabronchial Staphylococcus aureus (n=30) or saline
(n=6) challenges and septic animals recieved either epinephrine (1mcg/kg/min, n=15) or saline
(n=15) infusions from 4 to 44 hours. Serial cardiac magnetic resonance imaging (CMR), invasive
hemodynamics and laboratory data including catecholamine levels and troponins were
collected over 92 hours. Adenosine-stress perfusion CMR was performed on eight of the fifteen
septic epinephrine, and eight of the fifteen septic saline animals. High-dose sedation was
titrated for comfort and suppress endogenous catecholamine release.

Results: Catecholamine levels were largely within the normal range throughout the study in
animals receiving an intrabronchial bacteria or saline challenge. However, septic versus non-
septic animals developed significant worsening of LV; EF, strain, and -aortic coupling that was
not explained by differences in afterload, preload, or heart rate. In septic animals that received
epinephrine versus saline infusions, plasma epinephrine levels increased 800-fold, pulmonary
and systemic pressures significantly increased, and cardiac edema decreased. Despite this,

septic animals receiving epinephrine versus saline during and after infusions, had no significant
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further worsening of LV; EF, strain, or -aortic coupling. Animals receiving saline had a sepsis-
induced increase in microcirculatory reserve without troponin elevations. In contrast, septic
animals receiving epinephrine had blunted microcirculatory perfusion and elevated troponin
levels that persisted for hours after the infusion stopped. During infusion, septic animals that
received epinephrine versus saline had significantly greater lactate, creatinine, and alanine
aminotransferase levels.

Conclusions: Cardiac dysfunction during sepsis is not primarily due to elevated endogenous or
exogenous catecholamines nor is it principally due to decreased microvascular perfusion-
induced ischemia. However, epinephrine itself has potentially harmful long lasting ischemic
effects during sepsis including impaired microvascular perfusion that persists after stopping the

infusion.
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Clinical Perspective

What is new?

Myocardial depression of sepsis occurs without high levels of circulating catecholamines.
Whereas large vessel coronary perfusion is known to be well maintained during sepsis, we
show that during the myocardial depression of sepsis, in a model without exogenous
catecholamine infusion, no perfusion abnormalities in the coronary microcirculation nor
troponin elevations develop, indicating that the cardiac dysfunction of sepsis is not an
ischemic injury.

Epinephrine use during sepsis produces a form of injury tangential to the myocardial
depression of sepsis.

Epinephrine infusions depressed microcirculatory perfusion reserve and increased
troponin | levels indicating a secondary prolonged mild ischemic effect on the

myocardium.

What are the clinical implications?

Prolonged high doses of epinephrine can secondarily contribute to perfusion abnormalities.
Decoupling the septic heart from microvascular perfusion abnormalities and ischemia may
lead to better strategies for managing shock associated with severe infections. In clinical
practice in septic patients particularly potentially with coronary artery disease, commonly
used vasopressors that are less associated with increased lactate production than
epinephrine, alongside adjunct cardiac microcirculatory vasodilators, could help better

maintain or improve cardiac performance during septic shock.
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93 Non-standard Abbreviations and Acronyms

94
95  ABGs = Arterial Blood Gas
96  BNP = Brain Naturietic Peptide
97  CBCs = Complete Blood Count
98 CMR = Cardiac Magnetic Resonance
99  CVP =Central Venous Pressure
100 EDV = End Diastolic Volume
101  EM = Electronic Microscopy
102 HR =Heart Rate
103 LV = Left Ventricular
104  LVEDV = Left Ventricular End Diastolic Volume
105  LVEF = Left Ventricular Ejection Fraction
106  MAP = Mean Arterial Pressure
107  PBS = Phosphate Buffer Solution
108 PACs = Pulmonary Artery catheters
109  PAOP = Pulmonary Artery Occlusion Pressure
110  PAP = Pulmonary Artery Pressure
111  PVR = Pulmonary Vascular Resistence
112 SV = Stroke Volume
113 SVR = Systemic Vascular Resistance
114
115
116
117
118
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135 Introduction

136 During human septic shock, patients are exposed to high catecholamine levels from

137 intrinsic release and exogenous administration. Independent of sepsis, high circulating

138 catecholamine levels can have toxic effects on the heart contributing to an acute reversible

139  heart failure syndrome commonly referred to as a stress-induced cardiomyopathy.” % Sepsis, in
140  both humans and animal models, also causes an acute reversible heart failure syndrome. In

141  both septic humans and in animal models of sepsis, profound falls in left ventricular ejection
142  fraction (LVEF) occur two days after the onset of shock (humans) or bacterial challenge (animal
143  models) and reverse to near normal over 7-10 days.3 There is currently no consensus on the
144  mechanism of this sepsis-induced cardiomyopathy; however, the impact of high levels of

145  circulating endogenous and therapeutic exogenous catecholamines during septic shock remains
146  aviable hypothesis.

147 In 2005, it was found in a study of critically ill patients with primarily non-cardiac

148  diagnoses, 62% of patients who developed echocardiographic features of a stress-induced

149  cardiomyopathy had sepsis.* Further, a metanalysis of 23 separate case reports demonstrate an
150  association between septic shock and stress-induced cardiomyopathy.® More recently,

151 observational studies have suggested that, in many cases, myocardial dysfunction in sepsis

152  might be a stress-induced cardiomyopathy.®’ Sepsis can also result in a high catecholaminergic
153  state in animal models due to intrinsic catecholamine release and extrinsic administration. In an
154  awake murine cecal ligation model of sepsis where no exogenous catecholamines were

155  administered, high levels of catecholamines were still detected due to endogenous release.? In

156  our previous large animal study of septic shock where both fluids and norepinephrine were
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157 titrated to physiologic end points, we found a strong negative correlation (- 0.74, p = 0.04) in the
158  first 24 hours after bacterial challenge between norepinephrine levels and LVEF.? Catecholamine
159 levels were found to be extremely high (on average 2000 pg/ml in animals in the first 24 hours
160  after bacterial challenge) and the decreases in LVEF were profound (0.2 to 0.45 absolute

161  percentage point drops).

162 Given the large body of supportive preclinical and clinical evidence suggesting that the
163  myocardial depression of sepsis is a form of stress-induced cardiomyopathy, we decided to

164  investigate this hypothesis.> ® Since, in patients with septic shock exhibiting life-threatening

165 hypotension, it is neither possible nor ethical to withhold exogenous catecholamines or use

166  sedatives and narcotics to suppress any stress-induced catecholamine response, we therefore
167  utilized a canine model of sepsis which simulates the cardiovascular changes of human septic
168  shock>® to examine the impact of altering levels of catecholamines. In the published literature,
169 epinephrine and isoproterenol have most commonly been used to create stress-induced

170  cardiomyopathies in animal models, we chose epinephrine because it is also used clinically to

10-13
k.

171  treat septic shoc Finally, although human and animal sepsis studies have shown that large

172  vessel coronary perfusion is not impaired during sepsis, the cardiac microcirculation has not

173 been evaluated for impaired tissue perfusion as a cause of cardiac injury.'* °

We previously
174  found in our large animal model of sepsis-induced cardiac dysfunction that the coronary
175 microcirculation is damaged, but this finding was confounded by the use of exogenous

176  catecholamines.'® Electron microscopy (EM) demonstrated endothelial cell edema with a non-

177  occlusive diffuse micro-vascular injury and fibrin deposition. A better insight into the role of
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178 catecholamines and microcirculatory tissue perfusion in sepsis-induced cardiomyopathy may
179 generate novel approaches to managing the cardiomyopathy of septic shock.

180

181 Methods

182 Study Groups

183 Using a well-established canine model of bacterial pneumonia, we investigated the
184  influence of exogenous and endogenous catecholamines and the role of microcirculatory

185  perfusion on cardiac function during sepsis. Tracheostomized sedated, mechanically ventilated
186  purpose-bred beagles (9 - 15 kg, 18 — 30 months, male, Marshall Farms) on day one at 0 hour
187  (baseline) received either an intrabronchial challenge of Staphylococcus aureus (0.5 - 1.0 x10°
188  CFUs/kg) to induce sepsis or an equivalent intrabronchial inoculation volume of phosphate-

189  buffered saline (PBS) as control.

190
191 Animal Inclusion Criteria
192 The effects of catecholamines on myocardial function during sepsis were compared

193 employing septic (n = 14) and non septic controls (n = 6). Seven of these animals received
194  epinephrine and therefore were not used for the analysis in Figure 1 and 2. The other figures
195  utilised the 14 septic animals that were paired each study week and received either an

196  epinephrine (n=7) or saline infusion (n=7). We further conducted an experiment utilizing 16
197  septic animals that received an epinephrine (n=8) or saline infusion (n=8) who underwent a

198  stress-adenosine CMR at baseline and 66h, and were analysed in Figure 4A-C and Figure 5A-C.
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199 Starting at 4 hours after bacterial challenge septic animals received a 40-hour

200 continuous intravenous veterinary epinephrine infusion of 1 mcg/kg/min (Patterson Veterinary
201  1mg/mL) or saline equivalent. To maximize the potential for seeing the effects of catecholamine
202  stress on the heart, we chose a supraphysiologic dose of epinephrine which is double the

203 recommended intravenous infusion dose suggested for shock in canines.’® The epinephrine and
204  saline infusions were terminated at 44 hours after intrabronchial bacterial or PBS challenge.

205  From the time of conclusion of experimental and control infusions (44 hours) until the end of
206  the study (96 hours), the surviving animals continued to receive protocol-based treatment and
207  monitoring with invasive hemodynamics and CMR to examine the effects of no exposure to

208 exogenous catecholamines or prolonged exposure of high-dose catecholamines during sepsis on
209 cardiac function and structure. At baseline and 62 hours after bacterial challenge, 16 septic

210 animals, eight that received epinephrine and eight that did not receive epinephrine, underwent
211  a CMR adenosine microcirculatory perfusion study. At 96 hours, all animals studied were

212  deemed survivors and euthanized as per previously published protocols.17 All animals were

213  treated equally, except for the experimental therapy and intrabronchial challenge.

214 Animal Care

215 Animals were monitored and cared for by a clinician or trained technician around the
216  clock for 96 hours to simulate patient care in a medical or animal hospital intensive care unit, as
217  previously described.’” Throughout the study, animals received mechanical ventilation, sedation
218 titrated to physiological endpoints, stress ulcer and venous thromboembolism prophylaxis, and
219  their position was changed at set intervals to avoid stasis ulcers as previously described."” All

220 animals received daily intravenous ceftriaxone (50 mg/kg IV q24) starting 4 hours after bacterial
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221  orsaline challenge until 96 hours or death. To avoid the influence of other exogenous

222  catecholamines on cardiac function, no animal was administered vasoactive medications at any
223 point during the study, except for those randomized to receive the continuous supraphysiologic
224  epinephrine infusion. To examine cardiac function in as stress-free environment as possible,
225 intravenous analgesia and sedation were targeted to eliminate any response to stimulation to
226  minimize any endogenous catecholamine release. This was particularly important in the septic
227  group that received saline to assess if cardiac depression during sepsis occurred even when the
228  stress-induced catecholamine response was minimized. Maintenance fluids (2 ml/kg/h

229  Normasol-M with 5% dextrose supplemented with KCl (27 mEq/I)) were administered to all

230 animals starting at time 0 for 96h. A 20 ml/kg plasmalyte bolus (Vetivex) was administered if
231  pulmonary artery occlusion pressure (PAOP) fell below 10mmHg in a protocolized fashion until
232 PAOP > 10 mmHg was achieved. Staphylococcus aureus was prepared and administrated as in
233 previous studies.'” The study protocol was reviewed and approved by the National Institutes of

234  Health Clinical Center Institutional Animal Care and User Committee (CCM19-04 and CCM 22-

235  04).
236 Measurements
237 Before the above protocol was initiated, a tracheostomy was performed, an

238 endotracheal tube placed, and femoral arterial and right heart thermodilution pulmonary artery
239  catheters (PAC) were inserted under general anesthesia, as previously described.'” Femoral
240  arterial catheters and PACs were used to perform serial invasive hemodynamic monitoring
241  throughout the 96 hour duration of the study. These measurements included mean arterial

242  pressure (MAP), central venous pressure (CVP), pulmonary artery systolic and diastolic
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243  pressures, mean pulmonary artery pressure (mPAP), PAOP, thermodilution derived cardiac

244  output (CO), and heart rate (HR). Laboratory parameters were obtained from arterial blood

245  gases, complete blood counts and serum chemistries (Heska, Loveland, CO). Endogenous

246  plasma catecholamine levels (epinephrine, norepinephrine, and dopamine) were determined
247  using commercially available canine ELISA kits (Life Diagnostics, West Chester, PA). Further,

248  when the epinephrine infusion was running, the exogenous epinephrine values were

249  determined using commercially available human ELISA kits (Abcam, Cambridge, UK). Troponin |
250 was measured using a multidetector microplate reader (Synergy HT, BioTek Instruments,

251  Winooski).

252 Cardiac Magnetic Resonance Imaging

253 All animals underwent serial CMRs. All animals were transported to the scanner

254  sedated, mechanically ventilated, and continuously monitored by a technician or clinician.

255  Septic animals followed one of two time frames. Time frame one: A 3 Tesla MRI scanner (Philips
256  Healthcare) acquired CMRs for 14 animals at baseline (T0), 42 hours after bacterial challenge
257  (on epinephrine or saline infusion), and at the end of the study (96 hours, off infusion).

258  Electrocardiogram-gated steady state free-precision cine and T2 images were acquired in mid-
259  ventricular short axis and assessed for average plane values. Epicardial and endocardial

260  contours were drawn on the short-axis slices at end-diastole and end-systole. A single perfusion
261  rest scan with gadolinium gadobutrol 0.1 mmol/kg (Bayer Healthcare) followed by an adequate
262  saline flush, and delayed enhancement scans were obtained. Time frame two: 16 animals, eight
263  destined to receive an epinephrine infusion and eight a saline infusion, were imaged with CMR

264  at baseline and at 62 hours after bacterial challenge (off infusion) as above and underwent a
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265  stress adenosine and rest microcirculatory perfusion study using the same gadolinium dose.
266  Adenosine (140 mcg/kg/min) was administered as a continuous infusion for 5 minutes prior and
267  then during the stress phase of the CMR perfusion study. The stress phase imaging preceded
268  the rest phase imaging by approximately 10 minutes to allow washout of gadolinium contrast
269  material and adenosine. All measurements for the CMRs were conducted using dedicated

270  analysis software (NEOSOFT suiteHEART) by one of three investigators (VF, WA, JW) blinded to
271  study animal treatment and each of the three-studies analysis checked for accuracy by a fourth
272  investigator whose primary research is in CMR (MC), also blinded to study animal treatment
273  group. Papillary muscles were included in the volumetric quantification of the LV.

274 Statistical Analysis

275 Data was analyzed using linear mixed models to account for repeated measures and
276  summarized as model estimate (standard error). We first tested the group-time interaction. If
277  theinteraction term was significant, groups were compared at each time point; otherwise,

278  group comparisons were based on the main effects. Standard residual diagnostics were used to
279  check model assumptions. All p values are two-sided and considered significant if p < 0.05. For
280 some variables, logarithm transformation was used when necessary. Statistical analysis (JS) was
281  conducted using SAS version 9.4 (Cary, NC) with figure creation using GraphPad Prism 9.

282
283  Results
284 Myocardial Dysfunction During Sepsis

285 At 48 and 96 hours after bacterial challenge, septic animals had significant decreases in

286  mean LVEF, and significant worsening of circumferential strain and ventricular-aortic coupling
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287 compared to both baseline and non-septic controls (Figure 1, Panel A-C), who had no significant
288  changes in mean values in these same parameters throughout the study compared to baseline.
289  In septic animals, at 40 and 80 to 88 hours, mean SVR was significantly decreased compared to
290 baseline (Panel D). In non-septic controls, mean SVR over the entire 96-hour study was not

291  significantly different compared to baseline and to septic animals. From 20 to 84 hours in septic
292  animals, mean HR was significantly increased compared to baseline (Panel E). Septic animals
293  had asignificantly increased mean HR compared to their non-septic controls for the majority of
294  timepoints (8 to 84 hours). At 52 to 92 hours in septic animals, there was a significant increase
295  in mean PAOP compared to baseline (Panel F). At 24 to 84 hours after PBS challenge in non-
296  septic animals, mean PAOP was significantly increased compared to baseline. At only one time
297  point (16 hours) there was a significant decrease in the mean PAOP in septic animals compared
298 to non-septic controls. From 0 to 96 hours, septic animals versus non-septic controls had no
299  significant differences in the quantity of total fluids received (158 ml/kg +/- 18, vs., 156 ml/kg
300 +/- 19 respectively). There were no significant differences in afterload or preload between

301 control and septic animals to explain the cardiac depression seen in septic animals. The

302 increases in HR should increase inotropy and decrease cardiac filling, therefore increasing

303  LVEF.”™ However, the opposite was found to be true. Thus, hemodynamic changes cannot

304  account for the profound myocardial depression. Next, we examined whether the decline in
305 LVEF found here was associated with catecholamine level elevations.

306

307

308
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309 Plasma Catecholamines Levels in Sedated Septic Animals

310 At TO, when animals were transferred from the surgical suite after undergoing general
311 anesthesia to intensive care to start the study sedation protocol, several animals had baseline
312 elevations in catecholamine levels before the sedation protocol was fully initiated (i.e., perfectly
313  dosed). After bacterial challenge (T0), in the absence of exogenous catecholamine

314  administration, serial plasma epinephrine, norepinephrine, and combined catecholamine levels
315  were within or slightly above the normal range for sedated otherwise healthy canines (Figure 2,
316  Panel A-C)." Specifically, the only elevations in catecholamine levels above the normal range
317  occurred in the plasma norepinephrine concentration of septic animals. In these animals, the
318 elevations occurred transiently and were only minimally above the upper limit of normal (Figure
319 2, Panel B) for sedated animals. There were no marked differences between septic animals and
320 controls in serial catecholamine levels from baseline to 96 hours. The serial dopamine levels
321  were also measured between septic animals and non-septic controls but normal ranges for

322  sedated canines were not available. However the plasma dopamine levels over 96h in septic
323  versus non septic controls were not higher (data not shown). There was no significant

324  association in septic animals between changes in LVEF from 0 to 48 hours, the time of maximum
325 decrease in LVEF, and the area under the curve for combined catecholamine (norepinephrine +
326  epinephrine) levels from 0 to 48 hours (Panel D, p=0.94). Therefore, no associations were seen
327 between LVEF depressions and endogenous catecholamine levels.

328

329

330
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331 The Cardiovascular Effects of IV Epinephrine During Infusion (4-44 hours)

332 During the 40-hour control infusion of saline in septic animals, significant decreases in
333  mean MAP occurred from 24 to 42 hours after bacterial challenge compared to baseline (Figure
334 3, Panel A). In contrast, in septic animals who received a 40-hour infusion of epinephrine,

335  significant marked increases were seen in mean MAP from baseline during the infusion at 16 to
336 42 hours. Septic animals receiving the epinephrine infusion had significant increases in MAP
337 compared to septic animals who received saline infusions during most of the later infusion

338 times (16-to-42-hour timepoints). From 0 to 42 hours, septic animals that received epinephrine
339  had an overall marked significant increase in mean SVR during the 40-hour infusion compared
340 with those septic animals who received a saline infusion (Figure 3, Panel B). Consistent with the
341  development of clinical pneumonia, all septic animals, both the epinephrine and saline infusion
342  groups, developed significant increases in mPAP from baseline at 16h to 42h (Panel C). From 8
343  to 36 hours, septic animals who received epinephrine had a significantly greater increase in
344  mPAP from baseline compared to septic animals who received a saline infusion. In septic

345  animals receiving an epinephrine infusion and in those receiving the saline infusion, mean HR
346  was significantly elevated from baseline at multiple time points between 8 to 42 hours.

347 However, there were no significant differences in mean HR from baseline between septic

348 animals receiving epinephrine and those receiving saline at any time during the infusion (Panel
349 D). Septic animals receiving epinephrine versus saline had similar significant decreases in mean
350 LVEF at 48 hours compared to baseline and similar significant worsening of mean

351 circumferential strain compared to baseline on CMR (Panel E-F). At 48 hours, compared to

352  baseline, no significant difference was found in the worsening of ventricular-aortic coupling
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between septic animals receiving epinephrine and those receiving saline infusions (Panel G). In
septic animals that received a 40-hour epinephrine infusion, at 24 hours (mid infusion), mean
epinephrine levels were 17,928.48 + 8,334 pg/ml and in those receiving saline at 24 hours mid
infusion mean epinephrine levels were 22.1 + 6.5 pg/ml. Therefore, epinephrine infusions
during sepsis increased epinephrine levels 800-fold and greatly increased afterload in the
pulmonary and systemic circuits (as evidenced by marked significant increases in mPAP, SVR,
and MAP). However, septic animals receiving epinephrine versus saline, during and after

infusions, had no significant further worsening of LV; EF, strain, or -aortic coupling.

The Cardiovascular Effects of IV Epinephrine 2 Days After Discontinuation of the
Infusion (46-92 hours)

Septic animals who received a 40-hour saline infusion (between 4 to 44 hours after
bacterial challenge) had a significant decrease in mean LVEF compared to baseline at the 66-
and 92-hour time points (approximately 22 and 48 hours after conclusion of the saline infusion)
(Figure 4, Panel A). Comparing septic animals receiving epinephrine or saline infusions, there
were no significant differences in these mean LVEF decreases from baseline throughout the
study. Worsening of circumferential strain compared to baseline at 66 and 92 hours (Figure 4
Panel B) was similar in septic animals that received epinephrine and those that received saline
infusions. Lastly, changes from baseline in septic animals that received epinephrine or saline
infusions did not differ for ventricular-aortic coupling throughout. Therefore, no significant late
differences at 66 and 96 hours were found in markers of cardiac function (LV; EF, strain, -aortic

coupling) between septic animals that had received saline or those that had received
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375 epinephrine. These time points, 66 and 92 hours occurred 22 and 48 hours respectively after
376  conclusion of the infusions (Figure 4 Panel A, B and C). At timepoints when the CMRs were

377 performed (66 and 92 hours), no significant differences were seen in mean SVR, mean HR, and
378  PAOP (Figure 4 Panels D, E and F, respectively) between septic animals that had received either
379  epinephrine or saline infusions. After discontinuation of infusions at 44 hours, from 45-96 hours
380 after bacterial challenge, there were also no marked differences between septic animals who
381 had received epinephrine and those who had received saline in serial plasma levels of plasma
382  epinephrine (Panel G), norepinephrine (Panel H), and dopamine (Panel I). Thus, while the

383  epinephrine infusion was running, there were dramatic effects on hemodynamics and

384  catecholamine levels but no worsening of myocardial dysfunction. Moreover, after stopping the
385 infusion, there were no residual significant hemodynamics effects or worsening of myocardial
386  depression for two days afterwards.

387

388 Effect During Sepsis of Prior Epinephrine Infusion on Myocardial Microcirculatory

389  Perfusion Reserve and Troponin Levels

390 At baseline, prior to the onset of sepsis and initiation of epinephrine/saline infusions,
391 the uptake of myocardial gadolinium during the adenosine stress perfusion CMR was similar in
392 animals destined to receive epinephrine and those bound to receive saline infusions (Figure 5,
393  Panel A). At baseline, five minutes after discontinuing adenosine (rest perfusion), the uptake of
394  gadolinium in the myocardium decreased similarly in all these animals. The difference between
395 gadolinium uptake during adenosine infusion and the rest measurement represents normal

396  microcirculatory perfusion reserve at baseline. At 62 hours, myocardial gadolinium uptake
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397 markedly increased during the adenosine infusion in septic animals that had received saline
398 infusions 22 hours before (first open bar, Panel B) compared to gadolinium uptake at baseline in
399 those same animals (first open bar, Panel A). In contrast, at the same late timepoint (62 hours),
400 septic animals that had received an epinephrine infusion 22 hours before had decreased

401 myocardial gadolinium uptake (first filled bar, Panel B) compared to baseline (first filled bar,

402  Panel A). During the rest perfusion scan performed at 62-hour time point, both septic animals
403  that received either epinephrine or saline infusions had no difference in myocardial perfusion
404  compared to baseline. Consequently, the effect of sepsis on microcirculatory perfusion reserve
405 s significantly different and opposite depending on whether an animal had received a prior
406 infusion of epinephrine, even though the epinephrine infusion had been discontinued almost
407  one day ago. Microcirculatory perfusion reserve (stress — rest) of the myocardium was

408  significantly increased by sepsis in the absence of exogenous epinephrine (Panel C). Epinephrine
409  blunted this vasoreactivity at 62 hours, decreasing the microcirculatory perfusion reserve of
410 cardiac tissue in the septic animals 22 hours after discontinuation of the epinephrine infusion.
411  This suggests an effect that is not mediated by direct action of epinephrine at its receptor.

412  Therefore, sepsis markedly increases microcirculatory perfusion reserve and epinephrine during
413  sepsis induces a loss of myocardial microcirculatory perfusion reserve that persists long after
414  discontinuation of the drug (Qualitative interaction, p = 0.005).

415 In septic animals not receiving epinephrine, there was a 20% increase (+ 7.68 + 2.24 ms, p =
416  0.01) in LV wall edema from baseline to 96 hours (Panel D). The epinephrine infusions

417  significantly decreased this edema. Throughout the 96-hour study, there were no significant

418  elevations in mean troponin | level from baseline in control animals that had not received an
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419  epinephrine infusion (Panel E). In septic animals receiving an infusion of epinephrine, troponin |
420 levels were significantly elevated from baseline at 42 and 72 hours, consistent with the

421  epinephrine-induced tissue perfusion abnormalities. As stress CMR imaging at baseline

422  confirmed absence of flow limiting epicardial coronary disease, the perfusion abnormality at
423  late time points in septic canines exposed to a prolonged epinephrine infusion indicates the
424  development of microvascular dysfunction. A prolonged infusion of epinephrine during sepsis
425  interfered with the increase in microcirculatory perfusion reserve and was associated with a
426  troponin | leak.

427 Effects of Epinephrine Infusions on Other Organs

428 Septic animals receiving epinephrine infusions from 4 to 44 hours had significantly

429  raised mean lactate levels compared to baseline at 8 to 24 hours and compared to septic

430 controls at 8 to 20 hours. Mean alanine aminotransferase and hematocrit levels were increased
431  throughout the epinephrine infusion compared to saline controls. Creatinine levels were also
432  elevated compared to baseline from 20 to 44 hours in animals receiving epinephrine. After

433  stopping epinephrine, no significant elevations in any of the above parameters was seen (data
434  not shown). Thus, there is marked multiorgan vasoconstriction during infusions of high-dose
435  epinephrine causing transient ischemia and short-term abnormalities in liver and renal function
436  that reverse immediately after the infusion is stopped.

437 Other Laboratory Values

438 There were isolated significant findings comparing mean serial values for septic animals
439  who received an epinephrine infusion compared to septic animals who received a saline

440 infusion for serum cytokines, chemistries, complete blood count, electrolytes, and arterial


https://doi.org/10.1101/2024.02.05.578927

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.05.578927; this version posted February 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

20

441  blood gas parameters; none of these isolated differences explain our cardiac findings. These
442  results are available in an e-supplementary Results.

443

444  Discussion

445 In this model of the myocardial depression of sepsis, no exogenous catecholamines

446  were administered in septic control animals receiving a saline infusion and non-septic animals
447  that did not receive a bacterial challenge. Further in these septic and non-septic controls

448  endogenous catecholamine release was blunted with analgesia and sedation. In these septic
449  and non-septic controls catecholamine levels remained within, or very near, the normal range
450 for anesthetized canines throughout the study.19 However, we found that myocardial depression
451  still occurred. In septic animals compared to non septic controls, profound highly significant

452  drops in LVEF and significant worsening of circumferential strain and ventricular-aortic coupling
453  occurred over two days, which occurred in the absence of increased endogenous and

454  exogenous catecholamines. These findings are not explained by changes in afterload, preload,
455  or heart rate. Therefore, in this study normal or low levels of catecholamines do not prevent the
456  pattern of cardiac dysfunction commonly seen in sepsis. This suggests that the myocardial

457  dysfunction of sepsis is not primarily a catecholamine mediated process where high levels

458  produce a stress-induced cardiomyopathy.

459 Certain inotropes are known to cause significant negative effects on survival in the heart

460 failure literature.?®*

To establish the impact of high levels of catecholamines on cardiac
461  function during sepsis we examined if the decreases in cardiac function associated with sepsis

462  was worsened by pharmacologically elevated catecholamine levels. Sedated septic animals with
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463  cardiac dysfunction received a supraphysiologic high-dose epinephrine infusion for 40 hours.
464  This infusion increased plasma epinephrine levels 800-fold (up to 20,000 pg/ml). These high
465  doses of epinephrine caused substantial increases in systemic pressures in septic animals;

466  however, there was no observed worsening of sepsis-induced changes in cardiac function

467  including LVEF, ventricular-aortic coupling, and left ventricular circumferential strain

468 measurements during infusion or for approximately two days afterwards. Therefore, challenges
469  with supraphysiologic doses of catecholamines as well as suppressing endogenous

470 catecholamine release to near normal levels does not measurably worsen the cardiac

471  depression of sepsis. This further affirms that the cardiac depression of sepsis is not primarily a
472  stress-induced cardiomyopathy and represents some separate pathophysiologic entity.

473 Epinephrine was associated with cardiac microvascular non-occlusive abnormalities,
474  however, the myocardial injury attributable to epinephrine infusion was distinct from the

475  myocardial depression observed in sepsis. For two days after discontinuation of epinephrine
476  infusions, there was evidence of mild ischemia with significant reduction of microcirculatory
477  reserve and minimal but significant troponin | level elevations compared to baseline. These
478  findings were not seen in septic animals that did not receive epinephrine and represent a

479  sustained late-occurring specific effect on microcirculatory perfusion particular to high-dose
480 epinephrine. In addition to increased lactate levels associated with epinephrine infusions, liver
481  enzymes were elevated, and renal function was reduced. In these other organs, unlike the

482  heart, these abnormalities completely reversed after termination of the infusion. Further, in
483  contrast to other organs and despite decreased microvascular perfusion, during the epinephrine

484  infusion the heart showed no overt signs of injury, i.e., cardiac edema was decreased, and no
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485  troponin leak was detected. This observation suggests that by reducing coronary capillary
486  perfusion, epinephrine did have directly measurable acute effects on the coronary
487  microcirculation. Once epinephrine is stopped, perfusion returned toward normal, and
488  troponins were then released into the circulation.
489 In this animal model of the cardiac depression of human sepsis we found independent of

490 catecholamines, there is a resultant clinically important suppression of LVEF. The accompanying
491  increase in microcirculatory perfusion reserve during sepsis indicates that myocardial

492  depression in sepsis is not caused by inadequate tissue perfusion. These findings combined with
493  the lack of troponin | elevation in the absence of epinephrine infusions exclude microcirculatory
494  ischemia and decreased tissue perfusion as necessary conditions for the development of the
495  cardiac depression of sepsis.

496 In the 1980s, the experimental use of coronary sinus venous catheterization in human
497  sepsis demonstrated that the myocardial dysfunction during sepsis was not associated with

498  reductions in coronary blood flow™ 23

or increased lactate levels despite profound decreases in
499  LVEF. Further suggesting that microcirculatory ischemia was not present. The absence of a

500 sepsis-induced decrease in coronary perfusion as a cause of myocardial dysfunction was further
501 bolstered by our peritonitis large animal model, where direct coronary artery flow probes were
502 used to demonstrate normal or increased coronary flow despite development of profound

503  myocardial depression.' This current study adds to prior findings by demonstrating that sepsis

504  increases microcirculatory reserve and sepsis alone does not necessarily elevate troponin levels

505 despite profound LVEF depression. These data effectively rule out microvascular ischemia and

506 inadequate tissue perfusion as a primary cause of sepsis-induced myocardial depression.
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507 It is unclear why sepsis results in, not just a preservation, but an increase in

508 microcirculatory reserve. During the myocardial depression of sepsis, the non-occlusive

509 edematous microcirculatory injury occurring predominantly in endothelial cells, but also the
510 interstitium and myocytes, may cause a compensatory increase in nitric oxide (NO) sensitivity or

511 release at the microvascular level.?*

The administration of high-dose vasopressor infusion may
512  substantially alter the microcirculation in sepsis resulting in further endothelial and downstream
513  tissue injury preventing NO release, or causing depletion of NO reserves which decreases

514  microcirculatory perfusion reserve. The decreased microcirculatory reserve with elevated

515 troponin | suggests that high-dose catecholamines produces downstream myocardial tissue

516 ischemia due to imbalances in the supply of/demand for coronary blood flow. Whereas

517 myocardial tissue ischemia may well contribute to cardiac dysfunction in some patients, our

518 data suggests that it is not the primary cause of sepsis-induced myocardial depression.

519
520 Limitations
521 There are limitations to the interpretability of our findings. Different doses of sedatives,

522  narcotics, and epinephrine infusions may have altered our findings. Similarly, lower dose

523  epinephrine or different vasopressor agents may result in different findings. Nevertheless, the
524  use of sedation to suppress endogenous catecholamine release and supraphysiologic

525 epinephrine infusions demonstrate that high levels of catecholamines are not necessary to
526  induce the myocardial depression of sepsis. We studied young canines with no underlying
527 diseases and in clinical practice, patients with sepsis have a myriad of comorbidities including

528  epicardial coronary disease and underlying microvascular dysfunction. Therefore, human
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529  subjects may demonstrate different physiologic responses. However, the changes in cardiac
530 function are remarkably similar in our model to what is observed in humans, suggesting this
531 may be the highly conserved mammalian response to severe systemic infection.

532

533 Conclusions

534 We demonstrate here that sepsis-induced myocardial depression is not primarily a

535 catecholamine-induced cardiomyopathy and does not arise from cardiac microcirculatory

536 abnormalities that cause tissue ischemia. These studies add to our understanding of the

537 pathophysiology of cardiac dysfunction in septic shock. Further, sepsis-induced myocardial

538  depression is associated with myocardial edema which is unrelated to catecholamine toxicity
539 and/or tissue ischemia. In survivors, this is rapidly reversed over 7 to 10 days by the removal
540 and repair of presumably damaged cellular components (manuscript submitted ,Circulation).
541  The precise mechanistic relationship of edema formation to global cardiac dysfunction during
542  sepsis remains to be elucidated. It is possible in some clinical situations that elevated

543  catecholamines levels and microvascular tissue ischemia contribute to the increased severity of
544  the cardiac dysfunction of sepsis. However, we show here that this is not the primary etiology.
545  Edema, tissue injury, and subsequent repair mechanisms remain fertile targets for future sepsis
546  and cardiovascular research.

547

548

549
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652  Figure Legends

653

654  Figure 1: Serial CMR imaging and continuous hemodynamic monitoring parameters obtained in
655  septic animals (closed circles) and non-septic controls (open circles). Serial mean changes from
656  baseline to 96 hours are plotted from a common origin of the mean values of all animals at time
657 0 before intrabronchial bacterial or saline challenge. In the top panels are parameters (A-C)
658 obtained by CMR imaging and in the bottom panels (D-F) are parameters obtained by invasive
659  arterial and PACs.

660

661  Figure 2: Serial individual animals’ plasma catecholamine levels as measured by ELISA in septic

662 (filled line) or non-septic (dashed line) for epinephrine (Panel A), norepinephrine (Panel B) and

663  norepinephrine and epinephrine combined (Panel C). Normal mean values and ranges for sedated
664  canines for these catecholamines were obtained through the literature.” In Panel D, individual
665  animals’ changes from baseline to 48 hours in LVEF as measured by CMR were compared to the
666 levels of endogenous catecholamines over 48 hours (AUC) for septic animals and controls.

667

668  Figure 3: Serial continuous hemodynamic monitoring and cardiac MRI Imaging during experimental
669  septic shock. Serial mean hemodynamic changes ascertained by arterial and PAC catheter

670  measures from baseline to 44 hour in septic animals while on epinephrine (filled circles) or saline
671 Infusions (open circles) in Panels A-D. These changes are plotted from a common origin of the
672  mean values of all septic animals at time 0. Serial mean cardiac function measures as obtained

673 by CMR imaging from time 0 to 44 hours on epinephrine and saline infusions in Panels E-G.
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674

675  Figure 4: Serial cardiac MRI Imaging and continuous hemodynamic monitoring during experimental
676  septic shock after discontinuation of epinephrine and saline infusions. Cardiac function changes
677  obtained from CMR from baseline to 62 and 96 hours are plotted by closed circles for septic
678 animals that received epinephrine infusions and open circles for septic animals that received
679  saline infusions from a common origin of the mean values of all animals before intrabronchial
680 challenge. Continuous hemodynamic measure changes obtained by arterial, and PACs are

681  shown from baseline to 48 and 96 hours in Panel D to F. Serial individual animals’ plasma

682  catecholamines levels, as measured using ELISA, from 48 to 96 hours (Panel G-1). Epinephrine,
683  norepinephrine and dopamine levels shown by dashed lines for all septic animals that received
684  saline prior, and continuous lines for animals that received epinephrine.

685

686  Figure 5: CMR derived adenosine-stress and rest perfusion scans at baseline (Panel A) and 66 hours
687  (Panel B) after bacterial challenge for septic animals receiving a 40 hour continuous epinephrine
688 infusion (filled bars) or saline infusions (open bars) starting at 4 hours after bacterial challenge. The
689  change from baseline to 62 hours in perfusion (adenosine stress — rest) is shown in Panel C for septic
690  animals that did not receive epinephrine (dashed line) and septic animals that received epinephrine
691 (continuous line). There is a quantitative interaction with prior epinephrine vs. saline infusions

692  significantly reducing microcirculatory perfusion reserve in septic animals at 62 hours. Mean CMR
693  derived T2 measures (edema, Panel D) before bacterial challenge (0 hours), at 44 hours (on

694  epinephrine or saline infusion), and 52 hours after epinephrine or saline infusions ended (or 96
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695  hours after bacterial challenge) in septic animals receiving epinephrine (filled circles) or saline (open
696 circles).

697

698  Figure 6: Serial mean change from baseline (before bacterial challenge at 0 hours) to 48 hours in
699 lactate, ALT, creatinine and HCT levels plotted from a common origin (all animals’ mean values at
700 time 0 hours) comparing septic animals receiving a 40 hour epinephrine (filled circles) or saline

701  infusion (open circles).
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723  Figure 1: Serial CMR imaging and continuous hemodynamic monitoring parameters obtained in
724  septic animals (closed circles) and non-septic controls (open circles). Serial mean changes from
725  baseline to 96 hours are plotted from a common origin of the mean values of all animals at
726  time 0 before intrabronchial bacterial or saline challenge. In the top panels are parameters (A-
727  C) obtained by CMR imaging and in the bottom panels (D-F) are parameters obtained by

728 invasive arterial and PACs.
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730  Figure 2: Serial individual animals plasma catecholamine levels as measured by ELISA in septic
731  (filled line) or non-septic (dotted line) for epinephrine (Panel A), norepinephrine (Panel B) and
732  norepinephrine and epinephrine combined (Panel C). Normal mean values and ranges for sedated
733  canines for these catecholamines were obtained through the literature.” In Panel D, individual
734  animals’ changes from baseline to 48 hours in LVEF as measured by CMR were compared to the

735 levels of endogenous catecholamines over 48 hours (AUC) for septic animals and controls.

736
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738  Figure 3: Serial continuous hemodynamic monitoring and CMR Imaging during experimental
739  septic shock. Serial mean hemodynamic changes ascertained by arterial and PAC measures
740 from baseline to 44 hours in septic animals while on epinephrine (filled circles) or saline

741  Infusions (open circles) in Panels A-D. These changes are plotted from a common origin of the
742  mean values of all septic animals at time 0. Serial mean cardiac function measures as

743  obtained by CMR imaging from time 0 to 44 hours on epinephrine and saline infusions in
744  Panels E-G.

745
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747  Figure 4: Serial CMR imaging and continuous hemodynamic monitoring during experimental

748  septic shock after discontinuation of epinephrine infusions. Cardiac function changes obtained
749  from CMR from baseline to 62 and 96 hours are plotted by closed circles for septic animals
750 that received epinephrine infusions and open circles for septic animals that received saline
751  infusions from a common origin of the mean values of all animals before intrabronchial

752  challenge. Continuous hemodynamic measure changes obtained by arterial, and PACs are

753  shown from baseline to 48 and 96 hours in Panel D to F. Serial individual animals plasma

754  catecholamines levels, as measured using ELISA, from 48 to 96 hours (Panel G-1). Epinephrine,
755  norepinephrine and dopamine levels shown by dotted lines for all septic animals that

756  received saline prior, and continuous lines for animals that received epinephrine.
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758  Figure 5: CMR derived adenosine-stress and rest perfusion scans at baseline (Panel A) and 66h

A Since there were no significant group time
interactions, the overall ef fect was calculated from
time 0-92 hours comparing epinphrine vs. saline in
sepsis

759  (Panel B) after bacterial challenge for septic animals receiving a 40 hours continuous epinephrine
760 infusion (filled bars) or saline infusions (open bars) starting at 4 hours after bacterial challenge.
761  The change from baseline to 62 hours in perfusion (adenosine stress — rest) is shown in Panel C for
762  septic animals that did not receive epinephrine (dotted line) and septic animals that received

763  epinephrine (continuous line). There is a quantitative interaction with prior epinephrine vs. saline
764  infusions significantly reducing microcirculatory perfusion reserve in septic animals at 62 hours.
765  Mean CMR derived T2 measures (edema, Panel D) before bacterial challenge (0 hours), at 44

766  hours (on epinephrine or saline infusion), and 52 hours after epinephrine or saline infusions

767  ended (or 96 hours after bacterial challenge) in septic animals receiving epinephrine (filled circles)
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768  or saline (open circles). Panel E, serial mean changes in plasma troponin | levels plotted from a
769  common origin (time 0 hours values in all animals) comparing septic animals receiving
770  epinephrine (closed circles) or saline infusion (open circles).

771
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Figure 6: Serial mean change from baseline (before bacterial challenge at 0 hours) to 48 hours in
lactate, ALT, creatinine and HCT levels plotted from a common origin (all animals’ mean values at
time 0 hours) comparing septic animals receiving a 40 hours epinephrine (filled circles) or saline

infusion (open circles).
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